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CONVERSION FACTORS

Inch-pound units used in this report may be converted to SI (Interna 
tional System) units by using the following conversion factors:

Multiply inch-pound units

acre
cubic foot per second (ft3 /s) 
degree Fahrenheit (°F) 
micromho per centimeter

at 25° Celsius
(pmhos/cm at 25°C) 

pound (Ib) 
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ton per day per year

by

0.4047 
0.02832 

°C=5/9(°F-32) 
1.000

0.4536
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0.9072
0.9072

To obtain SI units

hectare
cubic meter per second 
degree Celsius (°C) 
microsciemens per centimeter 

at 25° Celsius

kilogram
square kilometer
ton
ton per day per year



TREND ANALYSIS OF SALT LOAD AND EVALUATION OF THE FREQUENCY OF 
WATER-QUALITY MEASUREMENTS FOR THE GUNNISON, THE COLORADO, 

AND THE DOLORES RIVERS IN COLORADO AND UTAH

By James E. Kircher, Richard S. Dim* col a, and Robert F. Middelburg

ABSTRACT

Monthly loads were computed for water-quality constituents at four 
streamflow gaging stations in the Upper Colorado River Basin for the determi 
nation of trends. Seasonal regression and seasonal Kendall trend-analysis 
techniques were applied to two monthly data sets at each station for four 
different time periods. A recently developed method for determining optimal 
water-discharge data-collection frequency was also applied to the monthly 
water-quality data.

Trend-analysis results varied with each monthly load-computational 
method, period of record, and trend-detection model used. No conclusions 
could be reached regarding which computational method was best to use in trend 
analysis. Time-period selection for analysis was found to be important with 
regard to intended use of the results. Seasonal-Kendall procedures were found 
to be applicable to most data sets. Seasonal-regression models were more 
difficult to apply and were sometimes of questionable" validity; however, those 
results were more informative than seasonal-Kendall results. The best model 
to use depends upon the characteristics of the data and the amount of trend 
information needed. The measurement-frequency optimization method has poten 
tial for application to water-quality data, but refinements are needed.

INTRODUCTION

The Colorado River basin is an important source of water for more than 
12 million people, industrial users, and approximately 2.5 million acres of 
irrigated agricultural land (Mueller and Moody, 1983). As the Colorado River 
and its tributaries flow from their headwaters to their mouths, the concen 
trations of dissolved solids increase; this increase in concentration causes 
millions of dollars damage annually to agricultural, industrial, and municipal 
users (U.S. Bureau of Reclamation, 1983), Dissolved solids and salinity as 
used in this report are synonomous and refer to the amount of dissolved miner 
als in water that is used as an indicator of inorganic water quality. To 
address this basinwide problem, Congress passed the Colorado River Basin 
Salinity Control Act in 1974, which authorized construction of 4 salinity- 
control projects and planning studies on 12 other salinity-control units. 
Also, in response to the Federal Water Pollution Control Act Amendments of 
1972, the seven Colorado River basin States in 1976 adopted salinity standards 
at three locations on the lower main stem of the Colorado River. These stand 
ards shown below reflect 1972 flow-weighted concentrations at these locations.



Flow-weighted concentrations are computed by multiplying the discharge for a 
sampling period by the concentrations of individual constituents for the cor 
responding period and dividing the sum of the products by the sum of the 
discharges.

Dissolved-solids standards for the Colorado River
Annual Flow Weighted 

Location Average (measured as mg/L)

Below Hoover Dam            723
Below Parker Dam            747
At Imperial Dam             877

To maintain these standards while the basin States continue to develop their 
compact-apportioned waters, it has been estimated that over 2.2 million tons 
of dissolved solids must be removed from the system by the year 2010.

Computational methods were developed at this time to predict the effects 
of planned water-resources development. Early projections showed that dis 
solved-solids increases observed at Imperial Dam in Arizona between 1949 and 
1970 would continue, with dissolved-solids concentration eventually reaching 
1,200 mg/L (milligrams per liter) by the year 2000, compared to the estab 
lished 1972 regulatory level of 879 mg/L; however, dissolved-solids concen 
tration actually has been decreasing since 1970 (fig. 1). A decrease in 
dissolved-solids concentration from some upper basin areas is indicated, but 
definitive causes for the decreases are not readily apparent. Trends in dis 
solved solids at a particular site may be caused by (1) Natural changes in 
dissolved-solids input above the site; (2) climatic trends affecting stream- 
flow; (3) man-induced changes in dissolved-solids input from changes in agri 
cultural or industrial activities or from implementation of salinity-control 
projects; and (4) changes in streamflow patterns from increased water use or 
from construction of reservoirs above the site.

The uncertainty of the dissolved-solids concentration measured at each 
monitoring site, measured in terms of standard error of the dissolved solids, 
needs to be estimated as a function of the frequency of data collection. This 
would assist managers and planners in determining how often to collect data to 
adequately define the dissolved-solids load in the study area.

Purpose and Scope

A study to investigate methods for the analysis of trends in solute con 
centrations and loads at four stations in the Colorado River basin (fig. 2) 
was conducted by the U.S. Geological Survey in cooperation with the U.S. Bu 
reau of Reclamation. The purpose of this study was to (1) Present two methods 
for computing mean monthly dissolved-solids loads and comparing the results; 
(2) present various methods used for trend analysis; (3) present and compare 
results of different trend-analysis techniques; (4) use these results to 
explore the suitability of various trend tests; and (5) describe and apply to 
dissolved-solids data a recently developed method for determining an optimal 
frequency of water-discharge data collection to be used as a focus for devel 
oping a more refined tool for determining dissolved-solids sampling frequency.
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Four U.S. Geological Survey stations in the Upper Colorado River Basin 
(fig. 2) were selected for evaluation: (1) 09095500 Colorado River near Cameo, 
Colo.; (2) 09152500 Gunnison River near Grand Junction, Colo.; (3) 09180000 
Dolores River near Cisco, Utah; and (4) 09180500 the Colorado River near 
Cisco, Utah. Study sites were selected based on their importance for monitor 
ing dissolved-solids input into the Colorado River above Cisco, Utah. The 
specific-conductance uncertainty evaluation was made at station 09180500 Colo 
rado River near Cisco, Utah. This site was selected because it represents the 
outflow from the Upper Colorado River Basin.

METHOD OF COMPUTATION OF MONTHLY SALT LOADS

All data used for this project were taken from the U.S. Geological Survey 
WATSTORE (U.S. Geological Survey, 1979) data base. Computer routines were 
developed using the Statistical Analysis System (SAS Institute, 1982) proce 
dures to check for errors in the data and to compute mean monthly discharge 
and the concentrations and loads of dissolved solids and six chemical constit 
uents. The solutes were: calcium, magnesium, sodium, chloride, sulfate, and 
carbonate. These six constituents account for more than 95 percent of the 
dissolved-solids load at the gaging stations in the study area. Data retrieved 
from WATSTORE for the study included daily water discharge, daily specific 
conductance, and periodic chemical analyses.

Daily loads, in tons per day, were computed for each of the constituents, 
including dissolved solids. These data were accumulated to determine monthly 
loads. A discharge-weighted concentration for each month was computed using 
the monthly load and mean monthly discharge.

Daily loads were determined using two different methods. Method 1, used 
by the U.S. Bureau of Reclamation to compute daily solute concentration, is 
explained by Mueller and Moody (1983) as follows:

Single, missing solute concentrations in any chemical analysis were com 
puted by setting net charge to zero. If two or more values were missing from 
a single analysis, no estimation was attempted. For such instances, the sum 
of constituents, necessary to compute mass fraction, was estimated from 
regression on evaporation-residue dissolved-solids concentration. The water- 
quality data, including missing-value estimates, then were combined with daily 
water discharge and conductance data, to estimate solute concentrations for 
unsampled days.

Composite sample analyses were assigned to each day of the composite 
period; instantaneous sample analyses were assigned only to the day of collec 
tion. To avoid masking temporal trends, missing daily values were generated 
by interpolation. A hierarchical process was used in which discharge was 
estimated first, followed by conductance, and finally, solute concentrations. 
This hierarchy was necessary, because discharge was used to weight interpola 
tion of conductance, and conductance in turn, to weight interpolation of 
concentration. The general formula used was:
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where x=Discharge, conductance, or solute concentration, 
k=Julian date with period of missing record, 
W=a weighting factor, 
k =last Julian date with observed data prior to

period of missing record,
k =first Julian date with observed data following the 

period of missing record.

Weighting factors are defined as follows:

1. Discharge: W,=1, for all k.
B2. Conductance: W,=1/Q, , where B is the slope of the log-log

regression of conductance on discharge (Q) for the entire 
period of record.

3. Solute concentrations: W,=l/,. , where L is specific conduct 

ance on day k.

In equation 1, discharge interpolation is linear with respect to time, 
which is considered adequate because missing values rarely occur in the dis 
charge record. Conductance and concentration are transformed by the weighting 
factors into parameters (a and b) that are expected to be relatively constant 
over a short time period. The equation for interpolation of conductance thus 
becomes:

Lk=aQ kB   (2)

Lane (1975) found this type of relationship to be generally applicable to 
natural streams in the Western United States. Interpolation of solute concen 
tration is of the form:

C k=bLk , (3)

where: L,=specific conductance in pmhos/cm (micromhos per centimeter) at 25°C
(degrees Celsius) on day k,

C.constituent concentration in mg/L, on day k, 
Qr=water discharge, in ftVs (cubic feet per second), on day k, and

a,b, and B=regression constants.



Over small ranges of conductance, such a linear relationship is reasonable for 
predicting concentration (Hem, 1970).

Interpolations were constrained to maximum intervals of 20 days for 
discharge and conductance and 60 days for solute concentrations. Conductance 
interpolation was not attempted if the missing value period included days of 
zero discharge.

Monthly mean discharge and discharge-weighted concentrations were then 
computed from daily values. If measured or estimated values were unavailable 
for more than 25 percent of the days in a month, that month was dropped from 
further analysis.

Method 2, developed by the U.S. Geological Survey for this report, is a 
regression technique for computing monthly loads. This approach determines 
daily load as a function of daily specific conductance and daily water dis 
charge. The general form of the logarithmic relation is:

lnL=A+b(ln(SC))+c(ln(Q)) (4)

where ln=natural logarithm,
L=average daily load of the constituent of interest, in tons per day, 

A,b,c=regression coefficients,
SC=average daily specific conductance in umhos/cm at 25°C, and 
Q=average daily water discharge, in ftVs.

By taking antilogs, equation 4 becomes:

L=aSCbQc (5)

where L, SC, Q, b, and c are as defined above, and 
a=eA .

Logarithmic transformations of the data were used to approximate more 
closely a normal distribution and to satisfy the assumptions of regression 
analysis. Specific conductance was chosen as an independent variable because 
of the physical relationship between it and the concentration of major dis 
solved constituents in natural waters. Discharge was included in the model 
because it explains much of the data variability.

The regression equation was derived from the regression analysis of 
instantaneous loads versus instantaneous specific conductance and water 
discharge; it is assumed that this relation also will represent mean daily 
values. The data base was divided into a series of overlapping 3-year periods 
to not remove any existing time trend. Regression relationships were devel 
oped for each successive 3-year period and used to compute monthly loads for 
the center year of the 3 years. For example, the first 3-year period might



be the 1965, 1966, and 1967 water years; results used would be for 1966. The 
next 3-year period would be 1966, 1967, and 1968; results used would be for 
1967, and so on.

The following equation is suggested if a concentration regression equa 
tion is preferred:

C=aSCbQc , (6)

where C=concentration, in milligrams per liter, 
a,b,c=regression constants,

SC=specific conductance, in umhos/cm at 25°C, and 
Q=water discharge, in ft3 /s.

Estimated daily concentration is multiplied by 0.0027, the unit's constant, 
and the daily average water discharge to obtain daily load. Loads from equa 
tion 5 and equation 6, multiplied by the discharge and unit's constant, are 
equivalent.

An additional equation is necessary when the specific-conductance record 
is missing. Rather than estimating specific conductance for periods of miss 
ing record, the daily load is estimated from discharge as follows:

L=aQb , (7)

where L=daily load of selected constituent, in tons per day, 
a,b=regression constants, and 
Q=daily water discharge, in ft3 /s.

Monthly constituent loads computed by the two methods were compared by 
plotting the monthly dissolved-solids loads estimated by Method 2 (eqs. 5 and 
7) and Method 1 (eqs. 1, 2, and 3) versus time (figs. 3-6). Absolute differ 
ences in monthly loads, as computed by the two methods, also is shown.

Plots of monthly constituent loads showed that differences occurred 
between the two estimates of monthly loads. The data base was examined to 
determine possible reasons for the differences between the estimated loads. 
In most instances, it was determined that significant flow variations had 
occurred between discrete water-quality samples. Interpolated estimates of 
monthly loads were usually higher than regression estimations when the average 
flow between the discrete samples was higher than the flow at the time when 
the discrete samples were taken. Analogous reverse results were found for the 
loads during periods of lower flow.
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DISSOLVED-SOLIDS TREND ANALYSIS 

General Considerations

Trends in a time series of data are typically evaluated by using statis 
tical techniques to test hypotheses at specified levels of significance. 
Hypothesis testing for trend detection consists of the following steps (Smith 
and others, 1982):

1. State the null hypothesis and background assumptions for the 
test; (an example of a null hypothesis might be: the random 
variable and and its time of observation are independent; an 
example of background assumptions might be that the random 
variable is serially independent and normally distributed).

2. Calculate an appropriate test statistic from the data.
3. Interpret the value of the statistic in light of the known 

probability distribution of the statistic.
4. If the value of the test statistic is within preselected limits 

on the distribution, do not reject the null hypothesis.
5. If the value of the test statistic is outside the preselected 

limits, reject the null hypothesis and claim a statistically 
significant trend.

For this study, the preselected significance level is 0.05. If the null 
hypothesis is not rejected, then one could say that a trend is not statisti 
cally significant at the 5-percent level; if the null hypothesis is rejected, 
then one could say that the trend is significant at the 5-percent level. 
Another way to say this is that, in 95 percent of the cases, this test will 
correctly decide there is no trend when there actually is no trend.

The probability distribution of the test statistic needs to be known. 
For some hypothesis tests, this distribution is not generally known because it 
depends on the distribution of the random variable, which is itself unknown. 
This leaves a choice between using a test that is very powerful under very 
restrictive assumptions about the underlying distribution or a less powerful 
test under more relaxed assumptions that may correspond better to the problem.

A common test for trend is based on linear regression of the variable of 
interest against time. In this instance, the null hypothesis is that the 
variable is uncorrelated with time, and the background assumptions are that 
the regression residuals are normal, independent, and identically distributed 
over time. If the slope of the line is found to be significant, a trend is 
said to exist. However, several of the assumptions underlying the probability 
distribution needed to make the test are not met with natural data. Water- 
quality data generally are skewed, seasonal, and serially correlated. These 
features violate the assumptions of normality, independence, and stationarity 
needed for computing the probability distribution of the test statistic in the 
regression test for trend. Any one of these violations can render the test 
invalid. To circumvent these shortcomings, one could use a logarithmic trans 
form of the variable to remove the skewness, look at separate seasons to avoid 
seasonality effects, and possibly use annual values instead of monthly values 
to avoid serial correlation. However, removing all three defects is extremely 
difficult, if not impossible.

13



Another test that has been used recently and is largely unaffected by the 
aforementioned defects is the seasonal-Kendall test for trend (Hirsch and 
others, 1982; Smith 'and others, 1982; and Crawford and others, 1983). This 
test has less restrictive assumptions than classical regression techniques, so 
it is less sensitive to the distribution of water-quality time series. The 
null hypothesis for this test is that the variable of interest is independent 
of time; the only background assumption is that the random variables are 
independent and identically distributed within each season.

When all assumptions for the regression test are met, the regression test 
is the most powerful test for linear trend (Kendall and Stuart, 1968). Based 
on a series of Monte Carlo experiments, Hirsch and others (1982) found that 
the seasonal Kendall test was almost as powerful. They also found that when 
skewness or seasonality were introduced, the seasonal-Kendall test was better 
than the test based on linear regression. When serial correlation was intro 
duced, its effect on the seasonal Kendall test was no more severe than its 
effect on linear regression.

In this report, both techniques (regression and the seasonal Kendall) 
were used, and attempts were made to adjust for defects in the assumptions 
where possible. These methods and trend results are presented in the next two 
sections.

Determination of Time Periods

The long-term record for each station was divided based on development in 
the upper basin. The history of development in the upper basin indicates that 
either the 1965 or the 1969 water year could be .used as a divisional year for 
the record. Trend analysis was run on the data sets for the pre-1965 period, 
the post-1965 period, the post-1969 period, and the entire period of record. 
The pre-1965 time period is the time frame from the beginning of record 
collection for each site, through and including the 1964 water year. The 
post-1965 period includes the 1965 water year through the end of the record. 
The post-1969 time period includes the 1969 water year through the end of the 
record. The period of record for each station used in this study is given in 
table 1.

Table 1. Periods of record for each of the four 
gaging stations in the study area

Station number and name Period of record 
(water years)

09095500 Colorado River near Cameo, Colo      
09152500 Gunnison River near Grand Junction, Colo-
09180000 Dolores River near Cisco, Utah       
09180500 Colorado River near Cisco, Utah      

1934 through 1979 
1932 through 1982 
1951 through 1982 
1929 through 1983

14



The selection of a time period for a data set is a function of the spe 
cific objectives of a study; for example: Is the investigation interested in 
specific short-term trends or in general long-term trends? The trend-analysis 
methods presented in this study discern average temporal trends in a data set. 
A series of shorter term positive and negative trends in a data set covering a 
long time span could possibly be masked by this averaging.

Regression Analysis

The first trend-examination method used was the regression-analysis 
technique. Several variations were used to satisfy background assumptions. A 
residual analysis was made to detect any variations from these assumptions.

The data were first analyzed for seasonal variability by looking at the 
monthly means and variances of both water discharge and dissolved solids. 
Three distinct seasons were identified, based on variation in dissolved-solids 
means and variances at station 09095500 Colorado River near Cameo, Colo.; 
station 09152500 Gunnison River near Grand Junction, Colo.; and station 
09180500 Colorado River near Cisco, Utah. The seasons were called base flow 
for December through March, peak flow for May and June, and return flow for 
August through November. April and July were variable-transition months. Two 
seasons were identified at station 09180000 Dolores River near Cisco, Utah. 
These seasons were base flow for July through February and peak flow from 
April and May. March and June were transition months. Therefore, the annual 
cycle was divided into either two or three seasons for the study sites.

Seasonality was accounted for in the linear-regression analysis by using 
dummy variables. The term dummy means that the values (usually zero or 1) 
taken on by such variables were not measured, but only indicated a category of 
interest; for example, seasons in which the data fall (Kircher and Von 
Guerard, 1982; and Kircher and Karlinger, 1983). Through the use of dummy 
variables, regression analysis assumes a broad range of application. In 
particular, the use of dummy variables enables using regression analysis to 
produce the same information that is obtained by such procedures as analysis 
of variance and analysis of covariance. The use of dummy variables also 
enables comparison of regression equations for several categories by use of a 
single multiple-regression model.

Separate regressions were made at each station for mean monthly loads and 
concentrations in real and log space for post-1969, pre-1965, and post-1965 
data. The seasonal-regression model used for stations with three seasons was:

Y=B0+B1(Z1)+B2(Z2)+B3(T)+B4(Z1*T)+B5(Z2*T), (8)
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where Y=discharge solute load, concentration or the
natural logarithm of these variables, 

B0, Bl, B2, B3, B4, and B5=regression coefficients, 
Zl and Z2=dummy variables, and 

T=time, in years.

The variables Zl and Z2 were defined as

SEASON
Base flow--- 
Peak flow--- 
Return flow-

MONTHS Zl
December through March   0
May and June         0
August through November  1

Z2
0
1
0

Data from the transition months, April and July, were omitted from the analy 
ses. The seasonal-regression model used at the Dolores River station (two 
seasons) was:

Y=B0+B1(Z1)+B2(T)+B3(Z1*T), (9)

where all the terms are defined as for equation 8, but the dummy variable Zl 
is either zero for base flow (July through February) or 1 for peak flow (April 
and May). March and June data were omitted from these analyses.

The following null hypotheses were tested for the three-season seasonal- 
regression model to analyze the various trend characteristics:

NULL HYPOTHESIS

B3=0 
B3+B5=0 
B3+B4=0

B5=0
B4=0 

B5-B4=0

TREND CHARACTERISTIC TESTED

Trend in base flow
Trend in peak flow
Trend in return flow 

Difference between .base and peak trends 
Difference between base and return trends 
Difference between peak and return trends

Hypotheses tested for the two-season seasonal-regression model include:
B2=0 Trend in base flow

Trend in peak flowB2+B3=0 
B3=0 Difference between base and peak trends

As mentioned, these seasonal-regression models were analyzed with and 
without a natural logarithmic transformation. Residuals of the untransformed 
regressions were plotted to see if they met the regression assumptions. In 
some instances, the residuals exhibited a normal scatter, but this was not 
true for all cases (figs. 7-10). A primary objective of this study was to 
find one method that could be used for all stations, so the next step was to 
transform the data to a logarithmic form that better met the assumptions of 
linear regression. The residuals of the logarithmic regressions were plotted 
to see if they met the regression assumptions (figs. 11-14). The regressions 
with logarithms of loads as the dependent variable resulted in more nearly 
homoscedastic residuals.
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In many instances, solute loads and concentrations are correlated highly 
with stream discharge. If this is the situation, and discharge shows a tempo 
ral trend, then the trend in solute loads or concentrations may be a result of 
the particular discharge history, rather than an underlying change in the 
processes by which the solute enters and is carried by the river. Therefore, 
adding water discharge to the regression reduces the variance in the solute 
loads and concentrations and makes any existing trends more detectable.

Water-discharge-related variation in the regression analysis was removed 
by including discharge as an independent variable in the seasonal-regression 
models (eqs. 8 and 9). The addition of discharge to equations 8 and 9 
resulted in the following models:

Y=B0+B2(Z2)+B3(T)+B4(Z1*T)+B5(Z2*T)+B6(Q)+B7(Z1>ICQ)+B8(Z2*Q). (10)

Y=B0+B1(Z1)+B2(T)+B3(Z1*T)+B4(Q)+B5(Z1*Q), (11)

where Y=solute load, concentration, or the nat 
ural logarithm of these variables,

B0, Bl, B2, B3, B4, B5, B6, 87, and B8=regression constants,
Zl and Z2=dummy variables,

T=time, in years, and 
Q=water discharge or the natural log of 
water discharge.

The residual plots (figs. 15 to 18) show that after eliminating 
discharge-related variability, the seasonal-regression models more closely 
approximate a normal distribution of residuals. Variation in the residuals 
also was substantially reduced. The inclusion of log discharge as an explana 
tion variable in the logarithmic model reduced the variance of the residuals 
down to 19 to 35 percent of the variance of the model without log discharge.
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Results from the seasonal-regression analysis (table 2) for post-1965 
data show the effects of logarithmic transformations and discharge-variation 
removal on trend slopes. The previous discussion on residual analysis indi 
cated that the assumptions behind the real-space models are most likely 
violated. However, these results are useful for showing the effect that dis 
charge, as an independent variable, had on the trends. Real-space seasonal- 
regression results also are directly compared to real-space nonparametric 
results in a later section of this report. Logarithmic seasonal-regression 
results are valid for this data set, so the actual effects from discharge- 
variation removal can be quantified from these trend estimates. Results in 
table 2 show that inclusion of the logarithm of discharge decreases the prob 
ability level of the model that does not include logarithm of discharge. In 
other words, the removal of variance by inclusion of the logarithm of dis 
charge has made the trends more evident. However, there is no particular 
pattern to the magnitude of the trend slopes. Removal of variance makes the 
trends more detectable, but has no particular effect on the trend magnitude. 
However, logarithmic results are difficult to interpret in terms of actual 
increases or decreases in tons per year of dissolved solids passing a station. 
Additional seasonal-regression results can be found in tables 5 through 9 and 
12 through 15 in the Supplemental Data section at the end of this report. 
These results are discussed in detail in the Comparison of Trend Results 
section of this report.

Nonparametric Analysis

The seasonal-Kendall analysis also was used to study temporal trends in 
the water-quality data. This modified form of Kendall's tau (Keridall, 1975) 
is applicable to daily, monthly, or annual data sets, with or without season 
al ity. The procedure tests the significance of a trend and estimates the 
magnitude of the slope. The hypotheses were tested using the statistic S:

m-l n.
S=I IJ sgn(X -X ), (12)
1 k=l j=k+l 1J lk

where n.=number of annual values for season i,
<j 

X..=solute load for season i and year j,
X..=solute load for season i and year k,

1 K

( 1 if 0 > 0
sgn (0) = < 0 if 0 = 0

-1 if 0 < 0 v.

where e=(X..-X.,)i J ik
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The magnitude of the slope was> estimated by computing

..,..-. ijk ij

for all (x. ., x.,) pairs and finding the median of these values,
I J in.

where d. ..=slope between seasonal values for season i, year j, and
1 JK

season i, year k, with j>k.

The seasonal -Kendall test gave combined overall results only, based on 
mean monthly or mean annual data. The procedure did not enable the user to 
divide the annual cycle into seasons of unequal duration. Therefore, rather 
than the two or three seasons used in the seasonal -Kendall models, each month 
was considered a separate season in the seasonal -Kendall procedure. Flow- 
adjusted concentrations were used as dependent variables in the seasonal - 
Kendall model to remove discharge-related variation. Flow-adjusted 
concentrations are the residuals of the regression between the constituent 
concentration and water discharge.

The flow- adjustment procedure is performed as follows:

1. Find the "best fit" regression relationship for c=f(Q), where c 
is the estimated concentration and f(Q) is a function of dis 
charge. The function used in this analysis is ln(c)=a+b(ln(Q)).

2. Compute a time series of flow- ad justed concentrations (FAC), 
using W. .=C. . "£.. as the FAC for month i and year j, where C. . 
is the actual concentration.

Results from the seasonal -Kendall analysis (table 3) for post- 1965 data 
show that log transformations have no effect on the significance of the trend. 
This is characteristic of seasonal -Kendall computational procedures. However, 
the trend magnitudes for logarithmic data cannot be converted to real values 
by exponentiation of the slope estimates.

The worth of logarithmic transformations for the seasonal -Kendall proce 
dure is that logarithmic- si ope estimates can be directly compared to FAC-slope 
estimates to determine the amount of discharge-related variation removed. 
Additional seasonal -Kendall results can be found in tables 10 and 11 in the 
Supplemental Data section at the end of the report. Seasonal -Kendall results 
are discussed in detail in the following section of this report.
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Table 3. Trend magnitudes of monthly loads determined Jby the 
seasonal-Kendall procedure for post-1965 time period

[T/d=ton per day; yr=year; ln=natural logarithm; 
mg/L=nrilligram per liter; FAC=flow adjusted concentration]

Station 
number

Trend 
Station name magni 

tude

Signif 
icance 
prob 
ability

09095500 Colorado River 
near Cameo, 
Colo      

09152500 Gunnison River 
near Grand 
Junction, 
Colo      

09180000 Dolores River 
near Cisco, 
Utah     

09180500 Colorado River 
near Cisco, 
Utah      

Monthly load, (T/d)/yr        -6.00 0.547
Monthly load, ln(T/d)/yr       -.001 .547
Monthly concentration, (mg/L)/yr  -1.6 .323
Monthly concentration, ln(mg/L)/yr -.003 .323
FAC, ln(mg/L)              -.004 .0001

Monthly load, (T/d)/yi         -41.6 .005
Monthly load, ln(T/d)/yr       -.011 .005
Monthly concentration, (mg/L)/yr  -14.5 .0001
Monthly concentration, ln(mg/L)/yr -.020 .0001
FAC, ln(mg/L)/yr            -.020 .0001

Monthly load, (T/d)/yr        2.69 .768
Monthly load, ln(T/d)         .003 .768
Monthly concentration, (mg/L)/yr-- 20.3 .018
Monthly concentration, ln(mg/L)/yr .017 .018
FAC, ln(mg/L)/yr            .007 .045

Monthly load, (T/d)/yr        -55.0 .002
Monthly load, ln(T/d)/yr       -.006 .002
Monthly concentration, (mg/L)/yr  -6.41 .033
Monthly concentration, ln(mg/L)/yr -.008 .033
FAC, ln(mg/L)/yr            -.008 .0001
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Comparison of Trend-Analysis Results

Four methods of seasonal-regression analysis and seasonal-Kendall analy 
sis were used for four different time periods to determine trends. Trend 
results varied in magnitudes and significance between time periods and method 
used. Results for the various time periods analyzed, constituents, and 
methods are presented in the Supplemental Data section at the end of the 
report.

Trend results indicate that selection of the appropriate time period for 
trend analysis is important. For example, during base-flow season, a signifi 
cant downward trend in dissolved-sol ids load was found in the post-1965 time 
period for three of the four stations; however, no significant trends in dis- 
solved-solids load were found in the base-flow season for the post 1969 time 
period for any of the stations (table 4). Other examples of the difference in 
trend results that can be obtained depending on the time period selected are 
shown in table 4. Therefore, it is important in future trend analyses that 
careful consideration and justification be given to the time period selected.

Seasonal-regression results (table 2) and the seasonal-Kendall results 
(table 3) for post-1965 data computed with Method 1 can generally be compared 
to assist in determining the applicability of seasonal-regression models. 
Seasonal-Kendall models are nonparametric, so they are applicable regardless 
of data-set distribution. If appropriate seasonal-regression results compare 
well to seasonal-Kendall results, then the corresponding seasonal-regression 
model is most likely applicable.

Seasonal-regression trend estimates for real-space monthly load data are 
generally greater in magnitude and less significant than corresponding season 
al-Kendall slope estimates. Both seasonal-regression and seasonal-Kendall 
estimates are consistent in direction of trends. The significance of seasonal- 
regression trends (at a=0.05) during peak-flow and return-flow periods gener 
ally agree with the significant overall seasonal-Kendall trends, except at 
station 09180500 Colorado River near Cisco, Utah, where seasonal regression 
fails to detect a significant trend in any season and seasonal Kendall detects 
a significant overall trend. Seasonal regression failed to detect any trends 
during the base-flow season using untransformed data.

The same observations are true for the seasonal-regression and seasonal- 
Kendall slope estimates for logarithmic-transformed monthly load data, except 
that seasonal-regression does detect a significant (a=0.05) trend during the 
return-flow season at station 09180500 Colorado River near Cisco, Utah. 
Actual significance levels seem to show better agreement in logarithmic models 
than in real-space models.

The effects of flow adjustment on trend results are variable in both 
seasonal-regression and seasonal-Kendall procedures. The following observa 
tions can be made, comparing the logarithmic seasonal-regression model to the 
logarithmic seasonal-regression model with flow adjustment of monthly loads:
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1. Flow adjustment increases the magnitude and significance of 
base-flow trends. Station 09180000 Dolores River near Cisco, 
Utah, is an exception; there the significance of the trend 
decreased.

2. Flow adjustment decreases the magnitude and significance of 
peak-flow trends.

3. Flow adjustment decreases the magnitude and increases the 
significance of return-flow trends.

Flow-adjustment effects were present, but not consistent, when the logarithmic 
seasonal-Kendall concentration and seasonal-Kendall FAC results were compared.

Logarithmic flow-adjusted seasonal-regression results for monthly loads 
are identical to concentration results for the same model; they can be direct 
ly compared with seasonal-Kendall FAC results. Trends from the seasonal- 
Kendall-FAC model were always more significant than seasonal-regression model 
trends found for any season at all stations. Seasonal-Kendall trends were 
significant (a=0.05) at all stations; seasonal-regression trends were not 
significant for either season at station 09180000 Dolores River near Cisco, 
Utah, or for peak flow at all four stations.

Advantages and disadvantages were found in both seasonal-regression and 
seasonal-Kendall models. Primary advantages of the seasonal-regression models 
were:

1. Slope estimates were statistically supported and could be 
tested, using standard hypothesis tests.

2. Trend estimates were given for each separate season. This 
feature allowed more critical assessment of seasonal trends and 
effects of flow adjustment.

3. Seasonal breakdown could be applied in many different ways: 
for example, monthly, bimonthly, or actual seasons.

Disadvantages of the seasonal-regression models were:

1. Assumptions of data distribution were difficult to satisfy and 
could not be adequately tested.

2. The models were not resistant to outliers.
3. The models could be affected by serial correlation in the data.
4. Results from the logarithmic models, which^were necessary for 

this particular data set and seasonal breakdown, were difficult 
to interpret. However, the trends of the logarithmic models 
may be used as percentages. If b is the estimated trend, then 
the trend may be described as being (e -1)»100 percent per year.

Advantages of the seasonal-Kendall models were:

1. Transformations were not needed, because data-distribution 
assumptions were not necessary. The models were known to be 
applicable to all the data.

2. The models were resistant to outliers.
3. Computations were easy to make.
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Disadvantages of the seasonal-Kendall models were:

1. The models could be affected by serial correlation in the data.
2. FAC results were difficult to interpret.

In general, the "best" model to be used for these data is a function of 
the intended uses of the results. Seasonal-Kendall procedures require fewer 
assumptions about the underlying distribution and give reliable "yes-no" 
results concerning existence of a trend. Seasonal-regression models are more 
difficult to apply and are sometimes of questionable validity, but the results 
they give are informative and well quantified.

Results obtained by using the logarithmic flow-adjusted seasonal- 
regression model data sets derived from Methods 1 and 2 (tables 8 and 9) in 
the Supplemental Data section) show that Method 2 results have a greater num 
ber of significant trends (65 significant trends at a=0.05 for all parameters 
at all stations) than the Method 1 results (39 significant trends). However, 
Method 1 data yield some significant trends, where Method 2 data do not. 
Trends of equal magnitude found in both data sets are not always of equal sig 
nificance because the two data sets have different variances. The reasons for 
the other variable results are not entirely clear, but differences in model 
degrees of freedom and differences in the amount of serial correlation in the 
data are possible causes. When a data set has serial dependence, the proba 
bility of obtaining a positive test for trend when the process is not changing 
over time is higher than the preselected probability, which for this study was 
0.05. It is probable that both data sets determined by data fill-in may be 
serially correlated; however, the amount of serial correlation built in by the 
monthly calculations cannot be readily determined without the existence of a 
complete data set. As mentioned previously, accounting for serial correlation 
is at best an art. However, the trend results determined are of value, as long 
as the user is aware that more trends then actually exist may be detected. 
Future trend studies using the preferred method of data fill-in and trend 
detection first should evaluate whether serial correlation exists, using a 
time-series analysis. This was not done here, because the main purpose of 
this study was to present various methods of determining trends in the Colo 
rado River basin. It should be noted that serial correlation will equally 
affect the seasonal-regression and the seasonal-Kendall method of determining 
trend.

OPTIMIZATION OF DATA COLLECTION

Economic analysis of each stream-gaging station's worth is necessary to 
optimize the value of a water-resource monitoring network. The uncertainty or 
error in estimation of instantaneous water discharge or specific conductance 
at a station serves as an inverse surrogate of its economic worth. Uncer 
tainty is expressed as the standard deviation of the error of estimate of true 
instantaneous water discharge or conductivity. This portion of the study 
presents a possible method to determine the uncertainty in both water dis 
charge and water quality at individual gaging stations.
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Uncertainty in water discharge or conductivity is often a function of the 
frequency of visits that are made to the gage to service the recording equip 
ment and to make discharge and water-quality measurements. Frequent visits 
minimize the uncertainty at any particular stream gage; however, these visits 
require money and manpower.

A set of techniques called K-CERA (Kalman filtering for Cost-Effective 
Resource Allocation) was developed by Moss and Gilroy (1980) to study the cost 
effectiveness of stream-gaging networks. These techniques were used to develop 
uncertainty curves for instantaneous water discharge at the four gaging sta 
tions in the study area. The same techniques with some modifications were 
used for one of these stations, 09180500 Colorado River near Cisco, Utah, to 
develop an uncertainty curve for water-quality parameters.

The model used in the analysis assumes that the difference between the 
true instantaneous water discharge and predicted rating-curve discharge is a 
continuous first-order Markov process. The probability distribution of a set 
of these differences is assumed to be Gaussian (normal) with a zero mean. The 
variance of this distribution is referred to as the process variance. True 
instantaneous discharges can only be estimated through measurements, so the 
process variance is estimated using the mean-squared differences (residuals) 
between the rating curve and the discharge measurements less the errors in the 
discharge measurements. For more detail on the theory and application of the 
K-CERA model, see Moss and Gilroy (1980) and Gilroy and Moss (1981).

Water-Discharge Measurement Frequency

Computation of the error variance about the base-stage discharge relation 
was done in three steps:

1. A long-term rating was defined, generally based on measurements 
of 3 or more years, and deviations (residuals) of the measured 
discharges from the rating discharge were determined.

2. The time series of these residuals was analyzed to calculate 
the 1-day lag (lag-one) autocorrelation coefficient and the 
process variance required by the K-CERA model.

3. Finally, the error variance was defined within the model as a 
function of the lag-one autocorrelation coefficient, the 
process and measurement variances, and the frequency of dis 
charge measurements.

Definition of long-term base ratings was complicated by the fact that 
periods of backwater from ice may last 1 to 3 months of each year. Rating 
curves based on ice measurements are not applicable to base ratings; measure 
ments during ice periods were ignored for this study.

Logarithmic base-rating curves applicable to ice-free periods were deter 
mined for each station used in the evaluation. The rating function used was:
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LQM=B1+B3*LOG(GHT-B2) (13)

where LQM=natural logarithm value-of the measured discharge,
GHT=recorded gage height corresponding to the measured discharge, 

Bl, B2, B3=regression constants determined by a nonlinear procedure
(Helwig and Council, 1979) which have the following physical 
interpretation:
Bl=1ogarithm of discharge for a flow depth of 1 foot, 
B2=gage height of zero flow, and 
B3=s1ope of the rating curve.

Residuals about the base rating for an individual gage were used to 
define total variance. Measurement variance for the four gages was set equal 
to the square of the 5-percent standard error. Thus, the process variance 
required in the model is the total variance of the residuals about the base 
rating minus the constant-measurement variance. Time-series analysis of the 
rating residuals was used to compute sample estimates of the lag-one autocor 
relation coefficient required to compute the variance during the time when the 
recorders were functioning.

Values of the lag-one autocorrelation coefficient, measurement and proc 
ess variance, length of season, and data for the definition of missing-record 
probabilities are used jointly to define uncertainty functions for each gaging 
station. Uncertainty functions gave the relationship of error variance to the 
number of visits, assuming a measurement was made at each visit. The relation 
of standard error of estimate of instantaneous discharge to the number of 
measurements per year for the four gaging stations in this study is shown in 
figure 19.

Water-Quality Sampling Frequency

The error variance of conductivity as a function of the frequency of 
measurements was computed at station 09180500 Colorado River near Cisco, 
Utah, from a modified version of the water-discharge analyses. The modified 
K-CERA model used water-quality measurement errors and residuals about a 
water-quality stage rating to calculate process variance. A one-step proce 
dure was used to relate instantaneous conductivity to stage. A similar model 
with modifications could be set up relating other water-quality constituents 
to stage. The rating function used was of the form:

LOG (parameter)=Bl+B2 LOG(GHT), (14)

where LOG (parameter)=the natural logarithm of either specific conductance,
in umhos/cm at 25°C, 

Bl, B2=regression constants, and
LOG (GHT)=the natural logarithm of the recorded gage height 

corresponding to the measured conductivity.

The uncertainty function based on this rating for station 09180500 Colorado 
River near Cisco is shown in figure 20.
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Figure 20.  Uncertainty curve of error expressed as a percentage of instantaneous 
specific conductance for station 09180500, Colorado River near Cisco, Utah.
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Results

Apparent differences exist between the uncertainty relations developed 
from instantaneous water discharge and instantaneous conductivity. Higher 
standard error for zero measurements in figure 20 indicates there may be a 
higher total variation in the stage-conductivity rating curve than in the 
stage-discharge rating. This may be attributed to a more poorly defined and 
variable physical relationship between stage and conductivity, as opposed to 
the better defined stage-discharge relationship. The slower decay of the con 
ductivity-uncertainty curve with increasing frequency of measurement also is 
seen in figure 20. Stage-conductivity residuals for the Colorado River near 
Cisco are not autocorrelated to the extent of the discharge residuals. This 
is a possible indication of less "memory" in the stage-conductivity system.

In general, it was found that the K-CERA method has potential for future 
application to salt-load data, but a more refined technique should be investi 
gated. The lack of a true physical stage-water-quality relationship created 
difficulties in interpreting corresponding uncertainty curves. Gage-height 
data used to define stage-conductivity rating was unadjusted with respect to 
physical changes in channel control, so additional variation was included in 
the data.

SUMMARY

Monthly values were computed for water discharge, dissolved solids, 
calcium, magnesium, sodium, sulfate, chloride, and bicarbonate at four gaging 
stations in the Upper Colorado River Basin to analyze the data for trends. 
The stations used in this study were: (1) 09095500 Colorado River near Cameo, 
Colo.; (2) 09152500 Gunnison River near Grand Junction, Colo.; (3) 09180000 
Dolores River near Cisco, Utah; and (4) 09180500 Colorado River near Cisco, 
Utah.

The long-term record for each station was divided, based on development 
in the upper basin. The 1965 and the 1969 water years were used as a dividing 
point. Pre-1965, post-1965, post-1969, and the entire period of record were 
analyzed for trends. The data were analyzed for seasonality by examining the 
variability in the monthly values; each station's record was divided 
accordingly.

Seasonal regressions were run on monthly and annual data using dummy var 
iables to account for seasonality. Four different seasonal-regression models 
were examined attempting to satisfy the assumptions of regression analysis. 
Two seasonal regressions were run, using untransformed monthly values. The 
first regression used each of the parameters versus time; the second regres 
sion included discharge as an independent variable in the model. The other 
two regressions used logarithmic-transformed data, with and without discharge 
as an independent variable.
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A seasonal-Kendall analysis also was used to determine temporal trends. 
This method was applied to monthly, annual, and flow-adjusted data. Each 
month was considered a separate season in this procedure, as opposed to the 
two or three seasons used in the regression models.

Trend results varied with monthly load-computational method, period of 
record, and trend-analysis model used. No conclusions were reached regarding 
which computational method was superior for use in trend analysis. Time- 
period selection for analysis was found to be important with regard to 
intended use of the results. Trend analysis on long periods of record poten 
tially masks shorter duration trends that may be of interest.

Results were used to explore the suitability of various trend-analysis 
models. Seasonal-Kendall procedures were found to be applicable to almost any 
data set but only gave reliable "yes-no" results concerning existence of a 
trend. Seasonal-regression models were more difficult to apply and were some 
times of questionable validity, but the results were found to be more informa 
tive and quantified than the seasonal-Kendall results. The "best" model to 
use was found to be a function of the characteristics of the data set and the 
amount of trend information needed.

A recently developed method for determining optimal water-discharge 
data-collection frequency was described and applied to water-quality data. 
Uncertainty curves were developed at the four study sites, relating error in 
water-discharge records to number of measurements taken per year. Another 
uncertainty curve was developed relating error in a water-quality record to 
number of measurements taken per year. This method was found to have poten 
tial for application to water-quality data, but refinements are necessary.
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